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 ABSTRACT 

We report the photovoltaic effects of n-type topological insulator (TI) Bi2Te3

films grown on p-type Si substrates by chemical vapor deposition (CVD). The

films containing large nanoplates with a smooth surface formed on p-Si exhibit 

good p–n diode characteristics under dark and light illumination conditions and

display a good photovoltaic effect under the broadband range from ultraviolet

(UV) to near infrared (NIR) wavelengths. Under the light illumination with a

wavelength of 1,000 nm, a short circuit current (ISC) of 19.2 μA and an open 

circuit voltage (VOC) of 235 mV are achieved. The maximum fill factor (FF) increases

with a decrease in the wavelength or light density, achieving a value of 35.6%

under 600 nm illumination. The photoresponse of the n-Bi2Te3/p-Si device can 

be effectively switched between the on and off modes in millisecond time scale.

These findings are important for both the fundamental understanding and solar

cell device applications of TI materials. 

 
 

1 Introduction 

In a p–n junction solar cell, an electric current is 

generated on illuminating the material as the excited 

electrons and remaining holes are swept in different 

directions by the built-in electric field in the depletion 

region. This effect, which was initially discovered 

with silicon and later with gallium arsenide, can   

be utilized for achieving energy-efficient electronic- 

photonic integrated circuits [1]. The p- and n-type 

regions can be formed by chemically doping a bulk 

semiconductor to create a junction region for a 

conventional p–n homo-junction. The p–n hetero-

junctions can also be realized with the epitaxial growth 

of an n/p-type semiconductor on another p/n-type 

semiconductor. In the past few years, the research on 

two-dimensional (2D) materials has been increasing 

rapidly, as they are proved to be promising candidates 

for next generation electronic devices owing to their 

remarkable mechanical [2], electrical [3], and optical 

properties [4]. These materials form the basis of the 

new atomically thin optoelectronic devices such as 
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solar cells and devices used for transistor operation 

[3, 5], optical communication [6] and photodetection 

[7, 8]. Graphene and transition metal dichalcogenide 

(MoS2, WSe2, et al.) 2D nanomaterials exhibit a great 

promise for photonic applications owing to their 

unique properties associated with their ultrathin planar 

structures [9, 10]. Graphene can absorb light in a 

wide range of wavelengths in the visible spectra and 

generate a photocurrent, thereby serving as an excellent 

light-to-current converter reaching close to 100% [11]. 

The photovoltaic effect of graphene-based devices has 

been demonstrated [12]. The photodetectors based on 

MoS2 thin layers have been shown to exhibit a high 

photo-responsivity, which is higher than that of the 

graphene-based devices [13]. A photodetector based 

on graphene/MoS2 heterostructure exhibiting a high 

photogain (greater than 108) has been demonstrated 

[14]. P-type WSe2 and n-type MoS2 were used to 

fabricate atomically thin p–n junctions using van der 

Waals-bonded semiconductor layers. This junction 

exhibited both rectifying electrical characteristics  

and a photovoltaic response, for which the extended 

depletion region played a crucial role [15]. The p-type 

black phosphorus and n-type monolayer MoS2 can  

be used for forming an atomically sharp type II 

heterointerface through van der Waals interactions [16]. 

The p–n diode exhibited gate-tunable current-rectifying 

characteristics. The photovoltaic power generation  

in the diode resulted in a high external quantum 

efficiency of 0.3% [17]. By designing and fabricating 

MoS2 monolayers on a p-Si substrate heterojunction 

solar cell device, the highest efficiency (reaching a 

power conversion efficiency of 5.23%) reported for a 

monolayer transition-metal dichalcogenide-based solar 

cell could be achieved [18]. Different 2D materials 

can be used as components of a single device such  

as a photodetector [19] by using a gate dielectric  

and semiconducting channel material. An ambipolar 

material is required to create a p–n junction. Recently, 

electrostatically defined p–n junctions have been 

fabricated with WSe2, demonstrating its potential in 

optoelectronic devices [20, 21]. The photovoltaic and 

photothermoelectric effects of the double-gated WSe2 

device were examined. When the device was operated 

in the p–n configuration, the photocurrent was generated 

mostly due to the photovoltaic effect. When the gates 

were biased in the p–p configuration, the photocurrent 

was generated mainly due to the photothermoelectric 

effect [21]. Recently, a Bi2Se3/Si heterostructure was 

prepared using a physical vapor deposition method, 

which exhibited a pronounced photodetector response 

under light illumination [22]. 

Bi2Te3, a chalcogenide with a layered van der Waals 

crystal structure, is known to act as a three-dimensional 

(3D) topological insulator (TI) owing to their Dirac 

surface states as analyzed by angle-resolved photo-

electron spectroscopy (ARPES) [23]. The carrier mobility 

on the Bi2Te3 surface was measured to be as high as 

5,000 cm2/(V·s) [24]. Recently, it was proposed that 

the simplest 3D TIs could function as a new class of 

saturable absorbers [25, 26]. Because the Dirac-like 

linear dispersion band on the surface states of Bi2Te3 

crystals with a narrow energy bandgap of 0.17 eV 

[27], it is expected to exhibit the broadband saturable 

absorption property. The use of n- and p-type Bi2Te3 

nanoparticles as nonlinear saturable absorbers was 

investigated, revealing a broadband saturable absorption 

at 800 and 1,570 nm [28]. Because of the effective 

photocarrier generation and transfer at the interface 

between graphene and Bi2Te3, the photocurrent in  

the graphene-Bi2Te3 heterostructure device can be 

effectively enhanced without sacrificing the detecting 

spectral width [19]. Nevertheless, Bi2Te3 contains 

vacancies and antisite-based crystalline defects; hence, 

the as-grown Bi2Te3 nanostructures or films exhibit 

n-type characteristics as shown in our previous studies 

[29, 30]. Moreover, the ultra-broadband photodetector 

based on a Bi2Te3/Si heterostructure was examined. 

Bi2Te3/Si was prepared using the pulsed laser deposi-

tion (PLD) method [31] and the photoresponse of 

the heterojunction was examined for photodetector 

applications. The device demonstrated a room- 

temperature photodetection from the ultraviolet (UV) 

to terahertz region with a good reproducibility. The 

time-dependent switching behavior examined at zero 

bias and –5 V source-drain bias suggested a strong 

switching behavior achieved with the source-drain bias 

[31]. Thus, it would be interesting to integrate Bi2Te3 

with silicon to prepare n-type Bi2Te3/p-Si junctions and 

study the photovoltaic effect of these junctions under 

light illumination. Due to the broadband absorption 

property of Bi2Te3, an n-Bi2Te3/p-Si junction could be a 
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promising candidate for new p–n junction solar cells. 

Here, we fabricate n-type TI Bi2Te3/p-Si (Si doped 

with B) junctions and characterize their photovoltaic 

responses. The formation of the p–n junction is 

demonstrated by the nonlinear diode type I−V 

characteristics of the devices. On measuring the photo-

current (and photovoltage) under light illumination, 

we find that the photocurrent generation is dominated 

by the photovoltaic effect in our n-Bi2Te3/p-Si junctions. 

The best device displays short-circuit currents of up 

to 19.2 μA and open-circuit voltages of up to 235 mV 

under 1,000 nm wavelength illumination with a light 

intensity of about 175 W/m2. The on–off response- 

time of photocurrent (and photovoltage) under dark 

and illumination conditions is in the order of 

milliseconds or shorter. The transport properties and 

photovoltaic effects are affected by the quality of the 

p–n junction, which might depend on the morphology 

of Bi2Te3 films. The p–n diode characteristics with a 

good photovoltaic effect are obtained with the smooth 

Bi2Te3 films formed with large Bi2Te3 nanoplates.  

2 Experimental 

2.1 Preparation of Bi2Te3 films 

Bi2Te3 films were grown using the chemical vapor 

deposition (CVD) method on Si substrates with a size 

of ~1.5 cm × 1.5 cm in 10% H2/Ar carrier gas. Before 

depositing the Bi2Te3 film, the p-type Si substrate was 

cleaned with ethanol and acetone under ultrasonication 

for ~5 min followed by immersed it in dilute HF acid 

(~5%) for ~50 s in order to remove the native oxide 

layer present on the surface. A high-temperature tube 

furnace and a quartz tube with a diameter of ~2.5 cm 

were used for the synthesis by accurately controlling 

the temperature and gas flow rate. The substrate was 

placed at a distance of 14–15 cm away from the center 

of the furnace. Bi2Te3 powder with a purity of 99.99% 

was used as the precursor, which was placed at the 

center of the furnace at 520 °C. A growth process 

similar to that reported in our previous study in which 

a Bi2Te3 film was prepared on semi-insulating Si was 

employed [30]. The structural and morphological 

analyses of the samples were performed using scanning 

electron microscopy (SEM), and X-ray diffraction  

(XRD) was employed to analyze the stoichiometry of 

Bi2Te3. The size of the flakes formed in the Bi2Te3 film 

was controlled by tuning the working pressure. A 

high pressure (~50 Pa) is favorable for the production 

of big flakes and a low pressure (~30 Pa) is favorable 

for the production of small flakes. Rectangle shaped 

samples with a length of <1 cm and a width of ~2–4 mm 

were cut from the wafer for performing transport 

and photovoltaic effect measurements. To fabricate  

a device, a part of the Bi2Te3 film (about 1 mm × 

~2–4 mm) was removed in order to reveal the surface 

of the Si substrate, which was used as one electrode, 

and the Bi2Te3 film was used as the second electrode. 

Silver paint was used to attach copper wires to the 

surface of the Bi2Te3 film and the exposed Si substrate 

for conducting electrical measurements.  

2.2 Photoresponse measurements 

A solar-500 W xenon lamp was used as the light 

source, which exhibits a continuous energy spectral 

distribution from 200–1,200 nm. A light intensity of 

~250 W/m2 with a current of ~15 A were used. Filters 

with different wavelengths were used to obtain a 

monochromatic light, causing a decrease in the light 

intensity to ~175 W/m2. In order to control the intensity 

of light, additional filters with different optical densities 

were used. 

3 Results and discussion 

3.1 Structures of the Bi2Te3 films 

A CVD process was employed to synthesize n-Bi2Te3 

films on p-type Si substrates (see Methods section). 

SEM images of the Bi2Te3 films formed on p-Si indicate 

the uniformity of the films. The samples containing 

large plates are named as Sample1 and Sample3, 

which were prepared with a working pressure of 

~50 Pa. The samples containing small plates are named 

as Sample2 and Sample4, which were obtained with 

a working pressure of ~30 Pa. The typical SEM images 

of Bi2Te3 films corresponding to Sample1 and Sample2 

are shown in Figs. 1(a) and 1(b), showing the Bi2Te3 
nanoplates with different sizes. As shown in the SEM 

images, the films are formed with interconnected grains 

of Bi2Te3 nanoplates. SEM images showing nanoplates  
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Figure 1 SEM images of the Bi2Te3 thin film in the (a) Sample1 
containing large nanoplates and (b) Sample2 containing small 
nanoplates. The side view image of the sample is shown in the inset 
of (a) and (b). 

with different sizes are also given in Figs. S1(a) and 

S1(b) (in the Electronic Supplementary Material 

(ESM)). The thickness of the films can be estimated 

from the side-view SEM images of the samples (SEM 

images shown in the inset of Figs. 1(a) and 1(b)). The 

layer thickness of the films is typically about 210 ± 

10 nm. All the samples exhibit similar XRD patterns. 

Figure S1(c) in the ESM shows the XRD pattern of   

a typical Bi2Te3 thin film. The film grows along the 

c-axis orientation, (003n) tropism, in consistent with 

the SEM images, which indicate that all the flakes lie 

on the substrate. 

3.2 Photoresponse of the Bi2Te3/Si films 

All the measurements were performed at room 

temperature and ambient atmosphere. Figure 2(a) 

shows the schematic of the n-Bi2Te3/p-Si photodetector 

device. The photo-excited carriers are separated by 

the built-in electric field at the junction between   

the n-Bi2Te3 and p-Si having different work function 

values. The estimated energy band of Bi2Te3/Si indicates 

that the n-Bi2Te3 films and p-Si form a type-II 

heterojunction with a relatively high built-in field, 

which might result in excellent photovoltaic perfor-

mances [31, 32]. The Fermi level of n-Bi2Te3 is located 

above the bottom of the bulk conduction band [19]. 

For an ideal semiconductor p–n junction, the doping 

concentration of semiconductors, dielectric permittivity, 

built-in voltage, and the applied bias affect the 

depletion condition/width of the p–n junction. For 

Bi2Te3 films grown on a Si substrate, surface defects 

and interfacial traps are induced, and should be 

considered in a more comprehensive model [18]. 

The I–V characteristics of Sample1 and Sample2 under 

dark and illumination conditions for different light 

wavelengths are given in Figs. 2(b) and 2(c). The I–V 

characteristics of other samples indicating well-defined 

diode behaviors are shown in Fig. S2 (in the ESM). 

The photovoltaic effect observed for the Sample1 

confirms that a good p–n junction is formed in    

the films consisting of large Bi2Te3 nanoplates. The 

rectifying character of the p–n diode is found to 

weaken under light illumination as shown in Fig. 2(c). 

This indicates that the built-in potential at the p–n 

junction of Sample2 is not strong enough, causing  

photoconductivity to be dominant [33, 34]. Figures 2(d) 

and 2(e) display the I–V characteristics of Sample1 

and Sample2 for different light densities under 

illumination with a wavelength of 1,000 nm. The I–V 

curves show a typical p–n junction behavior under 

light illumination for all the densities examined   

for Sample1. However, the I–V curves of the Sample2 

indicate a rectifying character only under light 

illumination with a low intensity. The electrical 

conductivity of the sample increases under high- 

density light illumination due to the absorption of 

light as shown in Fig. 2(e). These results confirm that 

the Sample2 exhibits photoconductivity properties 

under near infrared (NIR) and high density light 

illumination conditions. 

The typical short-circuit current (ISC, current at zero 

bias) and open-circuit voltage (VOC, voltage without 

current flow) values obtained under 1,000 nm 

illumination are displayed in the inset of Fig. 2(b). 

Under 1,000 nm light illumination, the highest values 

of ISC (19.2 μA) and VOC (235 mV) are achieved. The 

power generated by the p–n diode can be calculated 

as Pd = Id × Vd (Fig. 3(b)). The FF can be calculated   

as FF = Pd/(ISC × VOC). The maximum value of FF    

is increased from 30.8% to 35.6% on decreasing the 

wavelength from 1,000 to 600 nm (as shown in Fig. S3(a) 

in the ESM). In order to analyze the photovoltaic 

properties of the Sample1, the ISC and VOC values are 

extracted from the data given in Figs. 2(b) and 2(d) 

with respect to the light wavelength and density, 

which are given in Figs. 3(a) and 3(c), respectively.  

ISC and VOC initially increase on increasing the light 

wavelength from 300 to 1,000 nm, and then decrease 

at higher wavelengths. The enhanced ISC and VOC 
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values are observed at ~900–1,000 nm. The broadband 

photo-response of the n-Bi2Te3/p-Si junction in the 

UV to NIR wavelength range is demonstrated. The ISC 

and VOC values increase as the light density increases 

(Fig. 3(c)). ISC follows a near linear dependence on  

the light density, whereas VOC follows a logarithmic 

dependence, which is in consistent with the photovoltaic 

effect observed for the WSe2 device [21]. Figure 3(d) 

gives the power generated by the p–n diode with 

respect to the light density. FF increases from 30.8% 

to 38.1% with a decrease in light density (shown    

in Fig. S3(b) in the ESM). ISC and VOC values for the 

Sample2 under 1,000 nm illumination are ~0.2 A 

and 50 mV, respectively, which are decreased with   

a decrease in the light wavelength. A similar trend  

is observed as that obtained with changes in the  

light density, as the photoconductivity dominated the 

transport properties, as shown in Fig. S3(c) in the ESM. 

The dependence of the photovoltage and photocurrent 

on density and wavelength were examined for more 

devices, and the results are given in Fig. S4 (in the 

ESM). 

 

Figure 2 (a) Schematic of the n-Bi2Te3/p-Si junction structure. I–V characteristics of n-Bi2Te3/p-Si under dark and illumination 
conditions with different light wavelengths for (b) Sample1 and (c) Sample2. I–V characteristics of (d) Sample1 and (e) Sample2 under 
illumination with different light densities (λ = 1,000 nm). 
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As a control experiment, we measured the I–V 

curves of a Bi2Te3 film and Si substrate under dark and 

illumination conditions to compare the corresponding 

results obtained for the n-Bi2Te3/p-Si junctions (Fig. S5 

in the ESM). The I–V curves of the Bi2Te3 film show 

little changes under light illumination whereas the Si 

substrate exhibits a decrease in resistance due to the 

photoconductivity effect. These results indicate that 

the photoconductive effects of the Bi2Te3 film and Si 

substrate do not affect the I–V characteristics of the 

n-Bi2Te3/p-Si junctions. 

The photovoltage and photocurrent of the n-Bi2Te3/ 

p-Si junction device can be rapidly switched between 

the on and off modes while the light source is turned 

on and off under different light densities and 

wavelengths, as shown in Fig. 4 and Fig. S6 in the 

ESM (the data were recorded at a sampling rate of   

5 data points/s). A steady photovoltage of ~230 mV 

and a photocurrent of ~0.9 μA can be achieved under 

NIR illumination (λ = 1,000 nm) upon subjecting the 

device to repeated switching (Fig. 4). The response 

time is limited by the data sampling rate, indicating 

that the device response is faster than 200 ms. The 

photovoltaic performance of our samples is inferior 

to that reported for diamond-like amorphous film/Si, 

carbon nanotubes/Si devices, and graphene/Si [35, 36]. 

 

Figure 3 ISC and VOC values of n-Bi2Te3/p-Si for Sample1 plotted as a function of (a) wavelength and (c) light density. The power
generated by the n-Bi2Te3/p-Si diode under illumination with a specific (b) wavelength and (d) density. 

 

Figure 4 The time trace of (a) photovoltage and (b) photocurrent response of Sample1 measured while turning the light source (λ = 
1,000 nm) on and off. 
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However, the performance might be improved by 

tuning the conductivity and thickness of Bi2Te3 and 

improving the Bi2Te3/p-Si interface.  

4 Conclusions 

In summary, we fabricated n-Bi2Te3/p-Si junctions and 

characterized the photovoltaic performance of the 

fabricated devices under dark and light illumination 

conditions. We examined the photoresponse of the 

devices for p–n junction solar cell applications. We 

observed that the photocurrent generation is dominated 

by the photovoltaic effect in good p–n junctions by 

measuring the photocurrent (and photovoltage) under 

light illumination. The best device obtained exhibits 

an ISC of up to 19.2 μA and a VOC of up to 235 mV 

under 1,000 nm wavelength with a light intensity 

about 175 W/m2, and these values increased with an 

increase in light intensity. The on–off response time 

of photocurrent (and photovoltage) under dark and 

illumination conditions is at least better than 200 ms. 

We measured the ISC and VOC values of the junctions 

with different light wavelengths and light intensities. 

ISC follows a near linear dependence on the light 

density, whereas VOC follows a logarithmic dependence. 

The transport properties and photovoltaic effects of 

the n-Bi2Te3/p-Si heterojunctions were affected by  

the morphology of the Bi2Te3 films. This study is 

important in terms of fundamental understanding 

and solar cell device applications of TI materials. 
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